A critical step in synapse formation is the clustering of neurotransmitter receptors in the postsynaptic membrane, directly opposite the nerve terminal. At the neuromuscular junction, a widely studied model synapse, acetylcholine receptors (AChRs) initially aggregate to form an ovoid postsynaptic plaque. As the synapse matures, the plaque becomes perforated and is eventually transformed into a complex, branched structure. We found that this transformation also occurs in myotubes cultured in the absence of neurons, and used this system to seek machinery that orchestrates postsynaptic maturation. We show that perforations in the AChR aggregate bear structures resembling podosomes, dynamic actin-rich adhesive organelles involved in matrix remodeling in non-neuronal cells but not described in neural structures. The location and dynamics of synaptic podosomes are spatiotemporally correlated with changes in AChR aggregate topology, and pharmacological disruption of podosomes leads to rapid alterations in AChR organization. Our results indicate that synaptic podosomes play critical roles in maturation of the postsynaptic membrane.
A n early step in the formation of chemical synapses is the aggregation of neurotransmitter receptors in the postsynaptic membrane. Subsequently, as the synapse matures, receptor aggregates change in size, shape, receptor density, and the composition of associated signaling and cytoskeletal proteins (1, 2) . Whereas the initial aggregation of receptors renders the synapse functional, the subsequent alterations are critical for synaptic growth and adaptation to changing conditions. A dramatic example of postsynaptic maturation is in evidence at the skeletal neuromuscular junction (NMJ), a synapse that has been studied extensively because it is more accessible and some 100 times larger than typical synapses in the brain (1) . Newly formed myotubes synthesize and assemble acetylcholine receptors (AChRs) and cluster them in small, ovoid plaques. In some cases, axons preferentially form synapse in apposition to the plaques, while at other synapses, axons organize AChR clustering (2, 3) . Then, during a brief postnatal period, the plaque is transformed into a complex pretzel-shaped array of AChR-rich branches.
Over the past years, several key molecular players in AChR aggregation have been identified. They include the tyrosine kinase MuSK, a low density lipoprotein-related protein, LRP4, a MuSKassociated adapter, DOK7, an AChR-binding cytoskeletal protein, rapsyn, and a nerve-derived proteoglycan, z-agrin (1, (3) (4) (5) (6) . In contrast, little is known about the cellular or molecular mechanisms that regulate postsynaptic maturation. Proteins implicated in this transformation including members of the dystrophin-glycoprotein complex, such as dystroglycan and ␣-dystrobrevin, and laminin isoforms that are associated with AChR aggregates and bind dystroglycan (7) (8) (9) (10) . The cellular mechanisms by which these proteins act remain obscure.
Recently, we found that AChR-rich ovoid plaques on myotubes cultured aneurally spontaneously mature into branched, pretzelshaped arrays of AChR-rich branches. These arrays resemble those in mature NMJs in many respects: their size and topology are similar, they arise through a series of transitional stages similar to those in vivo, and their formation, like that of the NMJ, requires MuSK and rapsyn (11) . These results are significant in two respects: first, they show that although postsynaptic maturation is clearly regulated by the nerve, the muscle has a cell autonomous capacity to form topologically complex postsynaptic structures. Second, they provide a simple system in which postsynaptic maturation can be monitored and manipulated.
Here, we used cultured myotubes to explore muscle-intrinsic mechanisms that might account for patterning of the postsynaptic membrane. We were surprised to find that AChR aggregates contain dynamic actin-rich, adhesive organelles called podosomes. Podosomes were described originally in monocyte-derived cells such as macrophages, dendritic cells, and osteoclasts but recently were found in many other cell types (12) (13) (14) (15) (16) . They are capable of remodeling the extracellular matrix and are believed to play a role in cell migration (12-15, 17, 18) . To date, they have not been described in neurons or synapses. We show that myotubes can use these organelles to remodel AChR aggregates. Our results suggest that they are critical mediators of the ''plaque-to-pretzel'' transition central to synaptic maturation.
Results

Actin-Rich Aggregates at AChR Clusters in Myotubes.
As the NMJ matures, an initially plaque-shaped postsynaptic apparatus is remodeled, via perforated transitional stages, to form an elaborate, branched ''pretzel-like'' structure (1) . Mechanisms that underlie this transformation are unknown, but previous studies have suggested that regulated polymerization of cytosekeletal actin leads to the movement of AChRs during initial cluster formation (19, 20) . We therefore examined the organization of actin as AChR clusters mature. To this end, we plated mononucleated cells of the C2 myogenic cell line on laminin-coated surfaces under conditions that promote fusion of myoblasts into myotubes, formation of plaqueshaped AChR clusters, and maturation of plaques on the substratefacing surface of the myotubes into complex arrays (2, 11) . We stained the myotubes with phalloidin, which binds to F-actin, and ␣-bungarotoxin (BTX), which binds to AChRs. Fine actin cables were present beneath plaque-shaped clusters (Fig. 1A) . In contrast, complex clusters bore larger actin-rich puncta, which were localized precisely beneath perforations in the plaques (Fig. 1B) , and between branches in the ''pretzel-shaped'' arrays (Fig. 1C ). Puncta were generally circular and ranged in diameter from Ͻ0.5 m to approximately 5 m, but some were ovoid and exceeded 10 m in length. In some cases, puncta were composed of closely-packed subunits and clouds of actin (Fig. S1 ). The number of puncta per AChR aggregate increased several-fold as clusters matured (Fig.  1D) . Similar puncta were associated with AChR clusters formed on myotubes obtained from dissociated neonatal mouse myoblasts (Fig. S2 ).
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To seek actin-rich puncta at NMJs in vivo we infected muscles in neonatal mice with adenovirus expressing a ␤-actin-GFP fusion protein. Although some GFP was associated with sarcomeres, confocal microscopy revealed that the postsynaptic apparatus contained actin-rich structures during the first postnatal week, as NMJs mature (Fig. 1E) . As in cultured myotubes, the puncta were associated with perforations that form in AChR-rich plaques as they transform into branched arrays.
Podosomes at AChR Clusters in Myotubes. We next asked whether proteins known to associate with actin cytoskeleton were colocalized with actin puncta in the perforated regions of AChR clusters. We assessed two known components of actin-rich focal adhesions, vinculin and talin, both of which have been reported to be present at NMJs in vivo (21, 22) . Surprisingly, immunoreactivity was most concentrated in narrow ring-like structures that lined the internal edge of perforations in the AChR clusters ( Fig. 2A and Fig.  S3 ). Triple-labeling confirmed that these cytoskeletal proteins were precisely positioned between areas of highest actin and AChR density (Fig. S3) .
The presence of a cortex of focal adhesion components ensheathing an actin-rich core is a characteristic of podosomes, adhesive organelles that are believed to play roles in cell migration and matrix remodeling, but have not previously been observed in the nervous system (see Introduction). To ask whether the AChR-associated structures were indeed podosomes, we stained C2C12 cells with antibodies to proteins known to be components of this organelle. These included Arp2, NCK, cortactin, myosin IIa, dynamin, Tks5, paxillin, src kinase, integrin ␤1, and utrophin (12, 14, (23) (24) (25) (26) (27) (28) . All of these proteins were present at the podosome-like structures, concentrated in core or cortex as shown in other cells, although src and integrin ␤1 were also present at substantial levels in the AChR-rich domain ( Fig. 2 B and D and Fig. S3 ). LL5␤, a phosphatidylinositolbinding protein previously shown to be associated with focal adhesions (29) and AChR clusters (30) , was also concentrated in the cortex domain (Fig. 2C) . Together, these results provide strong evidence that podosomes are associated with maturing AChR aggregates in myotubes, and identify LL5␤ as a novel podosomal component.
Functional Attributes of Synaptic Podosomes.
Previous studies have shown that podosomes are dynamic structures that mediate strong adhesion to and remodeling of the underlying substratum (13, 14, 31) . We asked whether synaptic podosomes share these attributes.
Substrate Adhesion. We used internal reflection microscopy to visualize localization of adherent sites in myotubes. In this technique, the amount of reflected light depends on the distance between the cell membrane and substratum, so closer appositions appear darker. Immature AChR plaques were generally present within broad regions of close cell-substratum adhesion (Fig. S4 ) as shown previously (32) . In branched arrays of AChRs, in contrast, adhesivity was markedly non-uniform, with sites of highest adhesion regularly associated with podosomes ( Fig. 3) . Thus, as in other cells (17, 18) , synaptic podosomes are sites of attachment to the substratum.
Remodeling of Extracellular Matrix. Laminins containing the ␣5 and ␤2 chains are secreted by myotubes and concentrated in the matrix apposed to AChR clusters (10, 33) . Here, we asked whether the distribution of these laminins within clusters corresponded to that of podosomes. Both chains were co-distributed with AChRs in plaques ( Fig. 4A and Fig. S5A ). As plaques remodeled to form complex arrays, however, the laminins were lost from beneath podosomes ( Fig. 4B and Fig. S5 A and B) , as were the matrix receptors dystroglycan and integrin ␤1 (Fig. S5 E-H) , raising the possibility that proteases associated with podosomes (13) had selectively degraded the matrix in these areas. To test this idea, we examined the distribution of the exogenous laminin 111 (␣1/␤1/␥1) used to coat the substratum. Much of the laminin persisted through- out the culture period but levels were selectively reduced beneath podosomes (Fig. 4C) . To rule out the possibility that the reduced immunoreactivity reflected inaccessibility of the substratum to antibodies, we treated cells with the detergent saponin at 37°C before fixation and with Triton X-100 after fixation, then stained with anti-laminin antibody. Residual patches of AChR allowed identification of synaptic sites; laminins were absent from the perforations in the AChR clusters (Fig. S5 C and D) . Together, these results indicate that synaptic podosomes remodel extracellular matrix at the AChR clusters.
Localized Endocytosis. Previous studies have shown that clathrin is associated with podosomes in osteoclasts (31, 34) suggesting that they may be sites of endocytosis. Using fluorescent protein fusions, we found that the clathrin light chain and AP2, another component of the endocytic machinery, were enriched around a subset of synaptic podosomes. Both proteins were concentrated in regions of AChR clusters and, within these clusters, were preferentially associated with podosomes ( Fig. 5A and Fig. S6) .
As a direct test of the idea that endocytosis is enhanced at or near podosomes, we incubated cells for 5-10 min with three fluorescently-tagged endocytic tracers: dextran (molecular weight, 3,000), a marker of fluid phase uptake; transferrin, which is internalized by a receptor-mediated process; and FM4-64, a lipophilic dye taken up as membranes are internalized (35) . All three markers accumulated at AChR clusters on myotubes (Fig. 5B and Fig. S6 B and C Left). Within AChR-rich regions, all three tracers were present at highest concentrations near the edges of podosomes (Fig. 5B and Fig. S6 B and C Center and Right). The accumulation represented internalization rather than binding to the surface, as indicated by lack of labeling when incubation was performed on ice (Fig. S6  E-G) . Thus, synaptic podosomes are sites of intense endocytotic activity.
Dynamism. Time-lapse imaging of macrophages, osteoclasts, and fibroblasts has shown that podosomes can appear, disappear, grow, shrink, change shape, fuse or split within minutes (14, 17, 36, 37) . To ask whether synaptic podosomes exhibit similar dynamism, we infected myotubes with an adenoviral vector encoding a ␤-actin-GFP fusion, waited 2 days, labeled the cells with ␣-bungarotoxin, and imaged AChR clusters at intervals of 5 min for 2-24 h. Fig. 6A shows images from a movie. At the first view, two podosomes were associated with the cluster. During the subsequent 2 h, one (no. 1) remained unchanged while the other (no. 2, yellow arrows) disappeared and then reappeared at the same site. Of 15 podosomes that appeared within this cluster during the period of 2.5 h, six disappeared rapidly (nos. 3, 8, 10, 12, 14, and 15), eight disappeared and reappeared (nos. 2, 4-7, 9, 11, and 13) and four were present at the end of this imaging session (nos. 1, 4, 5, and 13) (Fig. 6B). Fig. S7 , which diagrams data from another culture, illustrates the lateral dynamics of synaptic podosomes: their movement, growth, shrinkage, fusion, and fission. Thus, although some synaptic podosomes are stable for periods of hours, many appear, disappear, and remodel over periods of minutes. (Fig. S5A) are distributed underneath the AChRs (red) (A). After formation of podosomes, laminin ␣5 (B) is lost from sites of perforations in the AChR. A thin ring of laminins often remains at the edge of the perforation, corresponding to sites of increased concentrations of integrin ␤1 (Fig. S3 ). (C) Exogenous laminin 1 (green) that had been used to coat slide surface before plating cells was also removed from beneath AChR perforations. (Scale bar, 5 m.) AChR aggregates on cultured myotubes remodel by formation, fusion and fission of perforations within the plaque (11) . The association of dynamic podosomes with these perforations raised the possibility that podosomes could drive the remodeling. To investigate this possibility we analyzed the relationship between podosomes and AChRs at high spatial and temporal resolution. The appearance, disappearance and remodeling of podosomes were frequently associated with changes in the shape and size of AChR aggregates.
Several examples are evident in Fig. 7 . Four podosomes (nos. 1-4) appeared within 1 h, each accompanied by formation of a perforation in the AChR aggregate. In one case (no. 1) formation of the perforation clearly follows the appearance of the podosome. In two cases (nos. 2 and 3), the disappearance of the podosome is followed by the collapse of the perforation. Another example of podosome-associated perforation collapse is shown in Fig. S8 . Thus, formation of podosomes correlates well in time and space with changes in assembly of AChRs.
Inhibition of Podosome Formation Affects AChR Localization.
The observation that podosomes often appear or disappear before formation or collapse of perforations in AChR clusters ( Fig. 7 and Fig. S8 ), suggest a causal role for podosomes in cluster remodeling. To test this idea, we sought agents that would rapidly block podosome formation or provoke their disassembly without detectably affecting myotube shape or viability. The Src kinase inhibitor, PP2, which is known to block podosome formation in other cell types (38, 39) , led to loss of most podosomes in myotubes within 0.5 h of addition, and nearly complete loss by 3 h (Fig. 8 A-C and  Fig. S9A ). As podosomes disassembled, perforations lost their sharp boundaries and AChRs appeared within them (Fig. S9) , just as seen following spontaneous podosome disassembly (Fig. S8) . Importantly, significant changes in AChR distribution were visible by 0.5 h after addition of inhibitor (Fig. 8C and Fig. S9A ), but no significant alterations in cellular morphology were observed for at least 2.5 additional hours. PP2 also blocked selective endocytosis at perforations within AChR clusters as assayed by dextran uptake (Fig. S10) . Dynasore, an inhibitor of dynamin function, which is known to be essential for podosome formation (39), had effects similar to, although weaker than those of PP2 on podosomes and AChR clusters (Fig. S9) .
Discussion
Podosomes have been studied in many cell types (12-17, 23-28, 31, 36-44) , but they have not previously been described in neurons or neural structures. Moreover, their functions remain obscure. We report here that the developing postsynaptic membrane in skeletal myotubes contains structures that resemble podosomes in many respects. We provide evidence that one function of synaptic podosomes is to direct the maturation of the postsynaptic membrane. Synaptic Podosomes. The presence of organelles resembling podosomes in synaptic structures was unexpected. We therefore compared their composition and bioactivities carefully with those of ''canonical'' podosomes. In fact, synaptic podosomes share many structural and functional features with podosmes described in other cells. First, their size, shape, and occurrence in groups are within reported ranges (12, 14, 36, 40, 41) . Second, they contain numerous proteins found in other podosomes, including actin, Arp2/3, cortactin, dynamin, myosin IIA, Tks5/FISH, talin, vinculin, paxillin, integrin ␤1, utrophin, and src ( Fig. 2 and Fig. S3) (12, 14, 16, 39, 42, 43) . Third, the components are arragned in two domains, an actin-rich core surrounded by an annular cortex (Fig. 2) (12, 14) . Fourth, they are sites of attachment to the substratum (Fig. 3) (18, 24, 44) . Fifth, they remodel extracellular matrix components (Fig.  4 and Fig. S5 ) (13) . Sixth, they are sites of active endocytosis ( Fig.  5 and Fig. S6 ), a feature shared with some (31, 34, 40, (45) (46) (47) (48) but perhaps not all (49) other podosomes. Seventh, they are highly dynamic: they can appear, disassemble, change their size or shape, and undergo fission and fusion within minutes (Fig. 6 and Fig. S7 ) (36, 37, 41) . Finally, they are disassembled by inhibitors known to disrupt other podosomes (Fig. 8 and Fig. S9) (49-51) . In view of these many similarities, we feel justified in calling the structures we have studied podosomes.
Podosomes Shape the Postsynaptic Membrane. Several observations indicate that synaptic podosomes are involved in remodeling the postsynaptic membrane as it matures. First, podosomes are precisely localized to perforations and indentations in AChR clusters (Fig. 1) . Second, podosomes appear underneath AChR clusters that subsequently become perforated at this location (Fig. 7) . Third, AChRs are removed locally at sites where podosomes form, and AChRs diffuse into sites from which podosomes have recently disappeared (Fig. 7 and Fig. S8 ). Finally, pharmacological disruption of podosomes leads to similar disaggregation of AChRs and collapse of perforations. (Fig. 8 and Fig. S9 ).
Our observations suggest a scenario by which podosomes might lead to transformation of an AChR plaque into a pretzel (Fig. 8D) . Newly formed mytobes synthesize and assemble AChRs, aggregate them into plaques, and secrete specialized basal lamina components that are closely apposed to the plaques (10, 52) . The plaques initially overlie small adhesion complexes (Fig. 1 A) that mature to form podosomes (Fig. 8D, nos. 1 and 2 ). As the podosomes grow, AChRs are displaced and proteases locally degrade components of the synaptic basal lamina. Some podosomes grow, divide and move laterally, forming indentations and elongated branches in the AChR aggregate, thereby transforming the plaque into a complex, pretzel-like shaped structure (Fig. 8D, no. 4 ). When podsomes disassemble during this period, AChRs diffuse into the perforation, but eventually the AChR-rich region becomes stabilized, and therefore remains intact even after podosomes are lost (Fig. 8D , nos. 5 and 6).
Although the molecular mechanisms that link podosomal dynamics to synaptic remodeling remain to be discovered, our observations suggest several possibilities. First, localized endocytosis could remove AChRs and associated components from sites of podosomes, to generate perforations (1, 11) . Second, components of the cortex could serve as a diffusion barrier, maintaining the separation between AChR-rich and poor regions (30) . The entry of AChRs into perforations following podosome disassembly supports this idea. Third, podosomes may generate lateral force to displace AChRs and other postsynaptic components through actin-myosin interactions, aggregation of membrane-distorting proteins such as dynamin and cortactin, and engagement of the AChR-associated cytoskeleton. Fourth, focal removal of matrix components from beneath podosomes could lead to localized disassembly of postsynaptic structures. Indeed, myotubes deposit specialized laminins in the basal lamina directly abutting AChR aggregates (52) and these laminins act through receptors such as dystroglycan, to promote AChR stabilization and postsynaptic maturation (8, 10) . Local removal of laminins at podosomes is likely to provoke destabilization of AChRs in these regions, increasing their susceptibility to disassembly by endocytosis or lateral displacement. Finally, proteases associated with podosomes may directly degrade dystroglycan (53, 54) and potentially other components of the postsynaptic apparatus.
It is tempting to speculate that similar processes may be involved in the formation or maturation of neuron-neuron synapses. Although these synapses are too small to contain conventional podosomes, their postsynaptic receptors are often organized into plaques that contain scattered perforations and are enriched in several components of podosomes, such as actin, Arp2/3, and cortactin.
Materials and Methods
Plasmids and Adenoviral Constructs. Adenoviral plasmid pAd-␤-actin-GFP, encoding ␤-actin-GFP was a kind gift from Bernard Hoflack (Biotechnologisches Zantrum). Plasmids pAP2-Tom, encoding rat adaptor protein complex subunit sigma 1(AP2S1) fused to Tomato, and pCLA-GFP enocding rat clathrin light chain (CLA1) fused to GFP, were kind gifts from Tom Kirchhausen (Harvard University, MA) (55, 56 ). An adenoviral plasmid encoding rapsyn-cherry was constructed (2) . Podosomes secrete proteases that remodel basal lamina; along with local endocytosis, this leads to remodeling of the postsynaptic membrane (3). Growth of podosomes leads to formation of branches (4) whereas disassembly of podosomes leads to entry of AChR into perforations (5) . With time, however perforations become stable and no longer require podosomes for their maintenance (6) . (Scale bar, 5 m.)
